The plumage on the dorsal trunk of normal quail embryos exhibits longitudinal black and brown stripes of pigments produced by melanocytes. However, this pigmentation pattern disappeared in Bh (black at hatch) heterozygous and homozygous embryos because of overall black and brown pigmentation of plumages, respectively. To investigate the mechanisms of the pigment pattern formation of plumage and clarify the roles of the Bh locus in the pattern formation, we examined the expression pattern of genes relating to melanocyte development (Mitf, MelEM antigen, Kitl, Kit and EdnrB2) and melanin pigment production (Dct, Tyrp1, Tyr and Mmp115) in Bh mutant and wild-type embryos throughout development. As a result, we found that MelEM antigen was expressed in melanoblasts committed to produce black pigment before apparent melanogenic gene expression, and that Bh heterozygotes and homozygotes showed abnormal expression patterns of the MelEM antigen. These results indicate that MelEM antigen is a good marker for melanoblasts committed to produce black pigment, and suggests that the Bh locus directs melanocytes to produce eumelanin in proper positions. q
Results and discussion
Wild-type quail embryos have longitudinal black and brown stripes formed by colored feather buds (FBs) on their back, in which epidermal melanocytes (MCs) produce black (eumelanin) and brown (pheomelanin) pigment, respectively. However, this pigmentation pattern is disrupted by the autosomal dominant mutation of Bh (black at hatch) locus (Minezawa and Wakasugi, 1977) . Bh heterozygous embryos show overall black pigmentation on their back because of intermingling of black and brown regions of FBs. By contrast, in Bh homozygous embryos, there is a little black pigment in FBs, which results in their overall brown coat (Fig. 1 ). These phenotypes of Bh embryos indicate that the Bh locus plays important roles in the pigment pattern formation of the FBs and analysis using Bh mutants would be useful to reveal mechanisms of the pattern formation. In this study, we examined the expression patterns of genes relating to MC development (Mitf, MelEM antigen, Kitl, Kit and EdnrB2) and pigment production (Tyr, Tryp1, Dct and Mmp115) in the dorsal trunk of Bh embryos with special attention given to the pigment pattern of FBs to obtain insights into the roles of the Bh locus in the pigment pattern formation.
Distribution of Mitf 1 cells and MelEM 1 cells in the dorsal skin during development
Mitf is a crucial transcription factor for MC development in mice, because some Mitf mutants of mice lack neural crest-derived MCs and have a white coat (Moore, 1995) . A quail mutant of Mitf (B), also have a white coat, suggesting that Mitf is a pivotal factor for MC development or melanogenesis also in quails (Homma et al., 1969; Mochii et al., 1998b) . On the other hand, monoclonal antibody MelEM was made against quail neural crest-derived MCs, which stains from early melanoblasts (MBs) to terminally differentiated MCs (Nataf et al., 1993) . The antigen for the MelEM antibody has been identified as one of the alpha subunits of glutathione S-transferase (GST), whereas its functional roles in MBs and MCs are unknown (Nataf et al., 1995) . Although Mitf and MelEM were used mainly as early markers of MBs (Nataf et al., 1993; Wakamatsu et al., Mechanisms of Development 118 (2002) 1 cells were already observed mostly in the dermis of the dorsal skin, but some of them were located in the epidermis. These cells were distributed evenly from the midline region to lateral region of the dorsal skin. On the other hand, MelEM 1 cells were not detectable in the dorsal skin. At day 5, in wild-type embryos, Mitf 1 cells increased in number, especially in the epidermis. These cells were distributed in the whole dorsal skin and the most lateral cells reached the thighs (Fig. 2A) . Weak expression of the MelEM antigen started in some Mitf 1 cells in the dermis and in the midline region of the dorsal epidermis ( Fig. 2A,  B) . At days 4-5, expression patterns of Mitf protein and MelEM antigen in the dorsal skin of Bh heterozygotes and homozygotes did not differ from those of the wild type.
In 6-day-old wild-type embryos, whereas almost all Mitf 1 cells in the dermis expressed the MelEM antigen, in the epidermis only Mitf 1 cells located around the midline region and in lateral regions expressed the MelEM antigen obviously, and Mitf 1 cells between these regions were MelEM 2 (Fig. 2C, D) . At this stage, Bh heterozygotes show normal expression pattern of both proteins. However, homozygotes had only small numbers of weakly MelEMimmunoreactive cells in the epidermis, whereas many Mitf 1 cells were observed not only in the dermis but also in the epidermis as seen in the wild type (Fig. 2E, F (Fig. 3E, F) . In wild-type embryos, epidermal Mitf 1 cells located around the midline region and in lateral regions expressed the MelEM antigen more strongly than those of 6-day-old embryos ( Fig. 3A, B ). These MelEM 1 cells formed longitudinal stripes on the back, resembling the black stripes seen in 10-day-old embryos ( Fig. 1A-C) . It is noteworthy that MelEM 1 cells forming the stripes were located not only in FBs but also in their neighboring epidermis (Fig. 1A, B ), though the black stripes seen in 10-day-old wild-type embryos were made by black pigment of MCs located only in the FBs (Fig. 1A) . In heterozygotes, although two longitudinal stripes formed by MelEM 1 cells in the epidermis along the midline existed as in the wild type, their width was narrower than in the wild type (heterozygotes, 1-1.5 feather-bud width; wild type, 2-3 feather-bud width). In lateral regions of the dorsal trunk, the longitudinal stripes of MelEM 1 cells in the epidermis were not obvious because they were abnormally distributed not only in the areas where black FBs would normally arise, but also where brown FBs would arise in the wild type ( Fig.  1D , E). Distribution of MelEM 1 cells in the dermis did not differ from that of the wild type. In homozygotes, a small number of weak MelEM 1 cells were observed in the epidermis though many MelEM 1 cells were observed in the dermis. These MelEM 1 cells in the epidermis were located near the midline, forming two short and faint longitudinal stripes that did not extend to the posterior part of the dorsal skin. The stripes of MelEM 1 cells in lateral regions, which were seen in the wild type, were also absent (Fig. 1F) .
These results indicated that Mitf was expressed in all MBs and MCs irrespective of Bh genotypes and that its expression in MCs is not changed by the type of pigment synthesized. By contrast, MelEM antigen was expressed in MBs and MCs that may be able to or committed to synthesize black melanin, and MelEM may be a good marker for MBs that are committed to synthesize black eumelanin. In Bh mutant embryos, although expression patterns of Mitf were normal, distributions of MelEM 1 cells were extremely disturbed. These results indicated that the Bh locus played an important role in distribution of MelEM 1 cells and may direct MCs to produce eumelanin in proper positions. It is of note that the first abnormal gene expression of MelEM antigen was observed in 6-day-old homozygous embryos, suggesting that the product of Bh locus is expressed in MBs at day 6 at the latest.
Expression patterns of Kitl, Kit and EdnrB2 in melanocyte development
Analysis using mice mutant for Kitl (kit ligand) and Kit (kit oncogene), the receptor of Kitl, demonstrated that their signaling is required for survival and proliferation of MBs and MCs (Hou et al., 2000; Steel et al., 1992; Wehrle-Haller and Weston, 1995) . In addition, a zebrafish Kit mutant, sparse, loses MCs forming black stripes on the lateral surface (Johnson et al., 1995; Parichy et al., 1999) , which results in abnormal color stripe formation. Thus, Kitl-Kit signaling may play roles not only in development of MCs but also possibly in the harmonized formation of the pigment pattern in quails. Endothelin (Edn) signaling is also crucial for MB and MC development. Mice with mutant Edn3 (endothelin 3) or EdnrB (endothelin receptor type B) lack MBs (MCs) Hosoda et al., 1994; Shin et al., 1999) , and Edn3 stimulates differentiation and proliferation of quail MBs and MCs, which expressed EdnrB2, a subtype of EdnrB in quails (Lahav et al., 1996) .
In wild types, although Kitl mRNA was expressed in the gonads, neural tube, dorsal root ganglia and kidneys during days 4-6, their expression in dorsal skin where MBs had colonized, was not observed at these stages. At day 7, weak expression of Kitl mRNA was first observed in the epidermis of the whole dorsal skin, and at day 8, its expression became intense in the epithelial components of the FBs (Fig. 4A) . The Kit mRNA was already expressed in gonads and dorsal root ganglia in 4-5-day-old embryos, but no Kit 1 cells were observed in the dorsal skin where MBs were already distributed. At day 6, some cells in the epidermis began to express where strong MelEM 1 cells were observed in the case of the wild type (arrows 1 and 2 in D), whereas many Mitf 1 cells exist in both epidermis and dermis, which is similar to that of the wild type (C). Strong signals observed in the kidney (C,E) and dorsal aorta (E) are autofluorescence. DA, dorsal aorta; DE, dermis; EP, epidermis; KD, kidney; NT, neural tube; ST, sclerotome.
Kit mRNA, and then Kit 1 cells appeared in the epidermis of the whole dorsal skin, including FBs. Although some MBs in the dermis differentiated into MCs producing a trace amount of melanin, they did not express Kit mRNA (Fig. 4B) . The expression patterns of these two genes showed no correlation with the pigment pattern of FBs.
EdnrB2 mRNA was expressed in MBs and MCs quite similarly to Mitf protein throughout our observation period (4-8 days). EdnrB2 1 cells were uniformly observed in the dorsal dermis, epidermis and FBs. No correlation between its expression and the pigment pattern of FBs was observed.
Expression patterns of Kitl, Kit and EdnrB2 mRNAs were also examined in Bh mutant embryos from days 4 to 8 but did not show any remarkable difference from those of the wild type (Fig. 4J-L) , suggesting that Bh locus does not control expression of these genes.
Expression patterns of Dct, Tyrp1, Tyr and Mmp115 during development
Tyrosinase (Tyr) is a rate-limiting enzyme of melanin synthesis that is indispensable for eumelanogenesis as well as pheomelanogenesis (Hearing and Tsukamoto, 1991) . In contrast, tyrosinase-related protein 1 (Tyrp1) and dopachrome tautomerase (Dct) act as enzymes specifically in the eumelanin synthetic pathway in mice (Hearing, 2000; Hearing and Tsukamoto, 1991; Kobayashi et al., 1995) , and Tyrp1 and Dct mRNAs and their proteins are expressed only during eumelanogenesis (Kobayashi et al., 1995) . Melanosomal matrix protein 115 kDa (Mmp115) is a 115 kDaprotein that was first identified in chicks by using the MC/1 monoclonal antibody raised against chick melanosomes (Mochii et al., 1988b) . These genes acting in melanin pigment and melanosome production have already been identified in birds (April et al., 1998; Mochii et al., 1988a Mochii et al., , 1992 Mochii et al., , 1998b .
At days 4-6, in wild-type embryos, no cell expressing these mRNAs was found at the sacral level of the dorsal skin, though pigment cells of the retina already expressed all of them. In 7-day-old wild-type embryos, MCs in some FBs began to express all of these genes simultaneously. At day 8, Dct 1 cells and Tyrp1 1 cells were observed mainly in the FBs in which black melanin and MelEM 1 cells existed (Fig.  4D, E, H, I ). Tyr and Mmp115 expression was found in FBs in which black or brown melanin existed (Fig. 4F, G, H, I ). Their expression in the black MCs was stronger than in brown MCs. The melanogenic genes (Dct, Tyrp1, Tyr and Mmp115) were also expressed in dermal MCs.
In mouse, mRNA expression of Dct, Tyrp1 and Tyr depends on the type of melanin pigment produced; Dct and Tyrp1 mRNAs are specifically expressed in eumelanogenic MCs and Tyr mRNA is expressed more abundant in eumelanogenic MCs than pheomelanogenic ones (Kobayashi et al., 1995) . Our data in quails are consistent with those of the mouse.
Expression of these genes (Dct, Tyrp1, Tyr and Mmp115) was also examined in Bh mutant embryos. In heterozygotes, cells expressing these genes were the same as in the wild type, that is, MCs possessing black melanin were Dct 1 / Tyrp1 
/Mmp115
1 from day 7. In homozygous embryos, Tyr and Mmp115 mRNAs were expressed in MBs and MCs of both the dermis and epidermis, whereas Dct and Tyrp1 mRNAs were weakly expressed in MBs and MCs of the dermis but not of the epidermis (Fig. 4M-R) . These results indicated that, in Bh homozygous embryos, expression of the eumelanogenesis-specific genes Dct and Tyrp1 were remarkably down-regulated in MCs, and that the Bh locus directly or indirectly controlled their expression. The down-regulation of the eumelanogenesis-specific gene expression in Bh homozygotes also agreed with the previous chemical analysis of the FB pigment, that is, there was very little eumelanin in the FBs of Bh homozygous embryos (Shiojiri et al., 1999) . The expression of Mitf, which actively controls Dct and Tyrp1 expression (Mochii et al., 1998b; Shibahara et al., 2000) , was not changed by the pigment synthesized in the wild type, and also Bh homozygotes showed a similar pattern of its expression to that of the wild type. Therefore, some other signaling systems that regulate expression of eumelanogenic enzymes independently of Mitf, or modifications of Mitf signaling can exist, and the Bh locus product might act at some point in such systems.
Experimental procedures

Animals
Four-to eight-day-old embryos were obtained from matings of 1/Bh £ 1/Bh or 1 /1 £ 1/Bh quails. Genotyping of each embryo was performed using a polymerase chain reaction-restriction fragment length polymerase (PCR-RFLP) marker linked to the Bh locus (Niwa et al., 2001 Although the sequences of quail Dct and Kit mRNAs have not been reported yet, the cDNA fragments that we cloned were concluded to encode the quail homologues because they had high DNA sequence homology to the chick genes (Dct, 95.4%; Kit, 97.8%). The sequences of partial quail Dct and Kit cDNAs were registered in DDBJ/ EMBL/GenBank (accession numbers: AB081466 and AB081467, respectively).
In situ hybridization
Both sense and antisense digoxigenin-labeled riboprobes were synthesized from plasmids containing the cDNAs that were cloned in this study and cDNAs encoding chick Mmp115, chick Tyr and quail Tyrp1 (Mochii et al., 1991 (Mochii et al., , 1992 (Mochii et al., , 1998b .
In situ hybridization on frozen sections was carried out according to the procedure of Ishii et al. (1997) with some modifications, which included omission of Proteinase Kdigestion of sections and changing the hybridization temperature from 70 to 428C.
Immunohistochemistry
Section samples
Some sections prepared for in situ hybridization were also used for immunohistochemistry. Unless otherwise noted, all steps were performed at room temperature. Sections were washed in phosphate-buffered saline (PBS) and permeabilized with 100% methanol at 2208C for 5 min. After washes in PBS, sections were incubated with the primary antibody mixture (anti-Mitf antibody [Mochii et al., 1998a] 
Whole-mount samples
All steps were done at 48C unless otherwise noted. Embryos were fixed with 4% paraformaldehyde in PBS overnight. After washes in PBS, embryos were soaked in MelEM antibody (1:1000 dilution) overnight and then washed in PBS. Embryos were incubated in biotinylated horse anti-mouse IgG antibody (1:500; Vector Laboratories, Burlingame, CA) overnight, washed with PBS and then bleached with 0.3% H 2 O 2 in PBS for 1 h. After washing with PBS, embryos were soaked in ABC solution (1:500 dilution in PBS, Vector Laboratories) for 4 h and washed with PBS. Immunoreactions were visualized in 0.5 mg/ml diaminobenzidine tetrahydrochloride, 0.003% H 2 O 2 and 50 mM Tris-HCl (pH 7.6) at room temperature.
